Aging, and the deterioration of biological performance that characterizes it, are routinely assumed to be due to a progressive global loss of homeostasis and a general increase in dysregulation [1-4]. We tested this hypothesis directly by measuring age-specific variability in gene expression. Analysis of the transcriptional activity of six genes in various inbred lines of Drosophila melanogaster unexpectedly failed to show an increase in variability among individuals as they age and die. Although regulation of gene expression is a central feature of life, a global decline in the control of gene expression does not appear to be either a cause or a consequence of the process of aging. 
gene techniques [5] . Figure 1 shows that in the enhancertrap line associated with the engrailed (en) gene, the level of expression of β-galactosidase in the third antennal segment of Drosophila melanogaster may vary slightly with age, but the variability between individuals remains roughly the same.
In Figure 2 , the quantitative level of expression of β-galactosidase for en male and female cohorts living at three different temperatures shows that there is no significant tendency towards an increase or decrease in variation with age. Suboptimal temperatures, 18°C and 29°C, that might be expected to exacerbate any possible disruption of homeostasis were used and still did not show an increase Expression of the en-lacZ gene construct at different ages. Visual inspection of photomicrographs of the third segment of Drosophila melanogaster antennae from different individuals suggests that the level of expression of the en-lacZ gene (encoding β-galactosidase) may decline with age, but variation among individuals of a given age does not systematically increase. The four rows pertain to flies that are 10, 20, 30 and 40 days old, respectively, calculated from time of emergence from pupal case. The antennae were reacted with the substrate X-gal to reveal blue staining in the nuclei of cells that are expressing β-galactosidase [5] . Each photograph represents a different individual.
in variation with age. Note that life span roughly doubles when temperature is reduced from 29°C to 18°C. Most of the ages shown in Figure 2 are well beyond the peak reproductive period, which for females at 25°C is before day 14 and for males before day 10 [6] [7] [8] . At a few ages, variability is much higher than at other ages, for unknown reasons. There is, however, no systematic increase (or decrease) in the variability of gene expression with age. Data on β-galactosidase expression in heads of animals carrying the Rh1 opsin gene [9] show that the maintenance of gene expression with age is not restricted to the third segment of the fly's antenna (Figure 3 ).
The enhancer-trap and reporter-gene lines in Figures 1-3 were derived from inbred laboratory strains. To assess the effects of different genotypes on the regulation of gene expression during aging, we crossed enhancer-trap and reporter-gene lines into stocks representing a number of different genetic backgrounds including Hyperkinetic 1 (Hk 1 ) [10] , drop-dead 1 (drd 1 ) [11] , and dropdead x3 (drd x3 ) [12] and determined the coefficient of variation of gene expression with age. Enhancer-trap marked genes that show little change in their overall level of expression over most of adult life were used in order to avoid the statistical biases involved in comparing coefficients of variation associated with markedly different mean levels of expression. These experiments confirm that there is no consistent increase in variation of gene expression with age ( Figure 4 ).
Spearman rank correlation analysis (StatView 4.5, Abacus Concepts) of the data in Figure 2 revealed a marginally non-significant effect of an increase in variation with age. Examination of the larger sample in Figure 4 confirmed that there is no consistent increase or decrease of variation with age. Of the 28 conditions in Figure 4 , 23 showed no Quantitative analysis of β-galactosidase expression in antennae of an en enhancer-trap line demonstrates that variation in gene expression does not increase with age. The box plots depict the variability of gene expression at different ages whereas the gray curves show the declining survivorship of the cohorts. Temperature was held at the temperatures shown, and males (a,c,e) and females (b,d,f) were analyzed as indicated above the graphs. Each of the box plots summarizes data from at least five, and typically ten or more, animals.
Figure 3
Variation in the amount of β-galactosidase expressed in heads of flies containing an Rh1 opsin-lacZ reporter gene [9] does not change systematically with age: (a) males; (b) females. Expression of β-galactosidase was determined by using the standard chlorophenol-red-D-galactopyranoside (CPRG) protocol on at least 10 separate heads for each time point [21] . Tight regulation of gene expression might be expected if such regulation were essential for continued survival. For the genes we examined, this does not appear to be the case. Flies missing a functional Rh1 opsin gene, such as ninaE mutants, show normal viability [13] . The en and cut (ct) genes are known to be important for the determination of cell fate during development but are not known to have critical roles in adult survival [14, 15] . Furthermore, the ct reporter-gene used, cut-G (J. Jack, personal communication), does show a great deal of variation among individuals of the same age. This variability in expression can be further exacerbated by growing the animals at 29°C, yet there is no increase in variation as a function of increasing age (Figure 4) . The spatial pattern of expression of the other enhancer-trap genes is limited to small subsets of cells in the olfactory and central nervous system (B.R. and S.L.H., unpublished observations); it seems unlikely that variation in expression of these genes would cause high mortality. Despite the fact that they are not essential, these genes still maintain tight regulation strongly suggesting that a global failure is not occurring in aging.
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Figure 4
Variation of gene expression does not increase with age for five genes in different genetic backgrounds. Expression of β-galactosidase in the antennae of enhancertrap lines marking the en, 206, 302 and 2240 genes and a reporter gene for ct were examined in one or more genetic backgrounds at two or more ambient temperatures (18°C, 25°C or 29°C), except for 302 which shows data from only 25°C. The coefficient of variation is plotted against age (in days). Because of differences in life span seen with the various genetic backgrounds and growth at different ambient temperatures, a survivorship curve for each condition has been plotted on the same graph. The coefficient of variation for the first 6 days has been omitted to exclude the typical maturational period of the adult fly. The peak reproductive period at 25°C is before day 10 for males and day 14 for females. Reproduction declines to low levels afterwards and most animals are postreproductive by median life span (50% survivorship). The first letters or numbers in the label on each graph designate the gene being examined: en, engrailed enhancer-trap gene [20] ; cut-G, the reporter-gene construct consisting of the 4.1 kb DNA immediately upstream of the cut gene promoter fused to a lacZ reporter (J. Jack, personal communication); 206, 302, and 2240, the three enhancer-trap lines [5] . The second group of letters, where present, indicate a change in genetic background from the original genotype: Hk, Hyperkinetic 1 [10, 13] ; drd x3 , drop-dead x3 [12] ; drd 1 , drop-dead 1 [11, 13] ; CS, Canton-S. M, male; F, female. Each point represents the coefficient of variation from 10 antennae, each from a different animal, except for males and females for 2240 at 25°C and 29°C which represent data from at least five, and typically ten animals. Three of the conditions showed a statistically significant difference with the coefficient of variation decreasing with age: 2240 males and females at 29°C and females of 2240 in drd x3 background at 18°C. Two conditions showed a coefficient of variation increasing with age: 206 males at 25°C in the original background and in a Canton-S background. This figure represents data from approximately 5,730 animals. The coefficient of variation was calculated by dividing the standard deviation by the mean [13] . The intervals between examinations of aging flies were short enough so that if gene regulation declines a few days before death, then greater variability of gene expression should have been observed at older ages when death rates are higher. In any case, even if failure of gene regulation is associated with proximate mortality, our data suggest that it is not associated with the long-term process of aging over the course of adult life.
Several factors may contribute to maintenance of gene regulation. As flies die, the density of flies in a vial declines, perhaps reducing stress. Furthermore, as flies age they mate less, lay fewer eggs, and tend to become less active. These and other environmental, behavioral, and physiological changes may reduce pressures on gene regulation. Nonetheless, the essential fact remains that the flies we studied do age as they grow older but that this aging does not appear to be accompanied by an increase in variability of gene expression. The older flies look less fit and move more slowly (B.R. and S.L.H., unpublished observations).
Aging is a process of deterioration extending over most of adult life but, in striking contrast, gene expression appears to be well regulated throughout adult life for the genes we studied. Although aging may be characterized by the loss of some kinds of homeostasis, it is not associated with a pervasive decline of regulation of gene expression. Gene expression appears to be well regulated even at older ages when biological performance is generally diminished.
Recently, an important element of the aging processthe Gompertzian 'law of mortality' or exponential rate of mortality with age -has been called into question with the discovery of a late-life plateau in the mortality rate of many different species [16] [17] [18] . These new findings have resulted in a major re-evaluation of theories of aging [19] . Our findings, examining a sensitive physiological function -gene regulation -cast doubt on another of the central concepts of aging: that all physiological functions decline with age. Recognition that the cause of aging is not due to a general loss of all physiological functions may provide the impetus to concentrate efforts on the identification of those specific factors that do cause aging.
Materials and methods
The engrailed (en) enhancer-trap stock, Rh1 opsin reporter-gene stock, Hyperkinetic 1 (Hk 1 ), drop-dead x3 , drop-dead 1 , and the other enhancer-trap stocks have been described [5, [9] [10] [11] [12] 20, 21] . The cut-G stock is a reporter-gene stock containing 4.1 kb DNA immediately upstream of the cut gene promoter fused to a lacZ reporter (J. Jack, personal communication). Culture conditions, life span analyses, whole-mount X-gal staining and quantitation of antennae, and CPRG quantitation of heads were as described previously [5, 6, 21] . Over 400 male and 400 female flies were scored for each life-span study. The box plots were calculated using the Kaleidagraph TM program by Ablebeck Software. The boxes represent the upper and lower quartiles for all data points on a given day with the line within being the median. Error bars mark the minimum and maximal values within a specified range. Values outside this range, called outliers and designated by circles, are defined by being greater than the upper quartile plus 1.5 times the interquartile distance or less than the lower quartile minus 1.5 times the interquartile distance.
